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Direct Femtosecond Laser Inscription of High-Order
Bragg Gratings in Fluoroaluminate Glass Fiber
Lin She, Niannian Xu, Pengfei Wang , Jiquan Zhang , Mo Liu, Nian Lv, Ruoning Wang , Zhenrui Li, Shijie Jia,
Shunbin Wang, Gerald Farrell , and Weimin Sun

Abstract—This letter reports the fabrication of fiber Bragg gratings (FBGs) within in-house fabricated fluoroaluminate (AlF3 )
glass fibers using femtosecond (fs) laser inscription at 800 nm. The
grating strength of the FBGs was investigated for different pulse
energies and different orders, and a 3rd-order FBG with Bragg
wavelength at 1557 nm was found to have the highest reflectivity
of 99.5%. In addition, the reflectivity of the mid-IR grating peaks
for different orders was also studied, and a 2nd-order FBG with
a reflectivity of 98.8% was obtained at 2864 nm. Finally, the temperature characteristics of a mid-IR FBG were studied between
30 °C and 150 °C, showing a linear wavelength dependence and
an excellent stability for the refractive index modulation. Such
highly reflectivity FBGs in AlF3 fiber have significant potential for
applications in the development of compact all-fiber mid-IR fiber
lasers.
Index Terms—Fiber Bragg gratings, fluoroaluminate glass fiber,
femtosecond laser.

I. INTRODUCTION
LUORIDE glass with a low phonon energy and broad
spectral transmission window ranging from Ultraviolet
(UV) to Mid-Infrared (MIR) have been widely investigated for
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fiber amplifiers and fiber lasers, especially for MIR fiber lasers
since the 1980s. The applications of MIR lasers include medical
surgery, communication, sensing, material processing, molecular spectroscopy and pump sources for other lasers [1]–[6].
Typical fluoride glasses, such as fluorozirconate (ZrF4 ), fluoroindate (InF3 ) and fluoroaluminate (AlF3 ) glasses have been
well developed as a range of excellent host materials for long
wavelength (λ) lasing emission. The cavity reflectors in MIR
laser structures can use either dichroic mirrors (DMs) which
involves a free-space coupling method or use FBGs which allows
for an all-fiberized structure.
FBGs have attracted a significant level of attention in recent
decades given their high reflectivity, good wavelength selectivity
and narrow reflection linewidth. As is well known, an all-fiber
laser structure using an FBG as a cavity reflector can achieve
a higher efficiency and a much more compact size compared
with lasers using dichroic mirrors. Furthermore, the use of
DMs can significantly increase the complexity and potential for
instability of the laser system. For fiber laser applications, FBGs
are commonly written either directly in the doped active fiber,
or in a section of undoped fiber which is then spliced to the
laser’s active fiber. A number of FBG fabrication methods have
been developed, such as UV exposure and direct laser writing
techniques.
To date, the fabrication of FBGs in fluoride fibers has focused
mainly on ZrF4 and InF3 glass-based fibers. For example, in
2007, Bernier et al. reported an FBG written using a femtosecond
(fs) laser with a refractive index modulation of Δn ∼10−3 in
Tm3+ -doped ZBLAN fibers [7], and also showed that the
formation of gratings was related to the negative refractive index
change induced by the femtosecond laser. In 2018, Aydin et al.
inscribed a 99.5% high reflectivity FBG and an 8% low reflectivity FBG in Er3+ -doped ZBLAN fiber and demonstrated a laser
output power of 41.6 W at 2.8 μm [8]; this is the highest laser
output reported at ∼3 μm in which FBGs played an important
role in increasing the output power. In the work reported in [8]
the FBGs were written using a phase mask technique. Phase
masks can only write gratings with a specific period or with
only small variations possible in the period, whereas the fs
laser direct-writing technique allows for the flexible selection
of the grating period Λ, the Bragg wavelength (λB ), the grating
order and its physical length and thus the reflectivity [9]. In
2017, Bharathan et al. wrote FBGs with a reflectivity of ∼50%
in a Ho3+ /Pr3+ co-doped double-cladding ZBLAN fiber using
line-by-line direct-writing technique, and achieved a laser output
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efficiency of 17% at λ ∼2.88 μm [10]. In 2018, Goya et al.
fabricated an FBG with 97% reflectivity and Δn ∼1.1×10−3 in
Er3+ -doped ZBLAN fiber using a plane-by-plane direct-writing
technique, demonstrating a laser output efficiency of 29.1% at
λ ∼2.8 μm [11]. In 2019, Bharathan et al. wrote an FBG with
a maximum grating coupling coefficient of κ ∼464 m−1 using
the so-called stacking direct-writing method [12]. FBGs were
also inscribed in fluoroindinate (InF3 ) fibers; in 2020, Bharathan
et al. wrote a grating with a high reflectivity at λ ∼4 μm and κ
∼275 m−1 after annealing at a temperature of T ∼150 °C for 90
minutes [13].
Compared with ZrF4 and InF3 glass, AlF3 has shown a good
chemical and mechanical stability. AlF3 glass has a higher glass
transition temperature (∼370 °C) and much better resistance
(typically in the order of ten times better) to water corrosion than
typical ZrF4 , ZBLAN and InF3 glasses [14], [15]. Therefore,
AlF3 fiber has a great potential to develop a practical high-power
MIR fiber laser at room temperature without the complexity of
additional environmental protection, for example, Wang et al.
obtained a 10.4% laser output efficiency at λ ∼2.9 μm by
pumping a Ho3+ /Pr3+ co-doped AlF3 fiber in 2019 [16]. Liu
et al. obtained a room-temperature laser at λ ∼2.9 μm with a
maximum 1.13 W output power in a Ho3+ /Pr3+ co-doped AlF3
fiber in 2021 [17]. In both of these two examples, the fiber lasers
utilised DMs, but it is very likely that performance of these AlF3
fiber lasers could be further improved if the DMs are replaced
by FBGs in the laser cavity, to develop higher power MIR fiber
lasers.
Fs laser is a powerful tool for manufacturing various microstructures inside transparent materials due of its very short
pulse width and extremely high peak power. FBGs fabricated by
a direct fs laser inscription in fluoride glass fibers offers extreme
flexibility in terms of structure design compared with phase mask
method. This paper reports FBGs operating at λB ∼1557 nm and
λB ∼2864 nm, which are successfully inscribed into AlF3 fibers
using an fs laser and a line-by-line direct-writing method. The
temperature dependence of the inscribed AlF3 FBGs are also
investigated.
II. FABRICATION OF FBGS IN ALF3 FIBER
The AlF3 fiber used in the experiment was customfabricated by using the rod-in-tube method. The glass
composition was 30AlF3 -10BaF2 -19CaF2 -9.5YF3 -12.5SrF2 2.5PbF2 -3.5MgF2 -3LiF-10ZrF4 (in mol.%) for the core
and 30AlF3 -10BaF2 -20CaF2 -10.5YF3 -13SrF2 -3.5MgF2 -3LiF10ZrF4 (in mol%) for the cladding.
Fig. 1 shows a schematic setup of the fs laser direct-writing
system used in this work to fabricate FBGs. A Ti: Sapphire
femtosecond laser system (Solstice Ace) emits pulses at λ ∼800
nm with a repetition rate of 1 kHz and a duration of 100 fs (full
width half-maximum, FWHM). A beam splitter with ratio of 9:1
was placed after the fs laser to reduce the fs laser energy reaching
the target fiber to 10%. Fig. 2(a) shows the microscope image of
the cross section of the customized AlF3 fiber, which has a core
diameter of 10.5 μm, a NA ∼0.27, a cladding diameter of 225
μm, providing few-modes guidance at λ ∼1550 and ∼2864 nm.

Fig. 1.

Schematic of fs laser fabricating FBGs system.

Fig. 2. (a) Microscopic image of the transverse cross section of AlF3 fiber.
(b) The path of the writing pattern for uniform FBG inscription (top-view).

The background loss at λ ∼793 nm for the fiber was measured as
circa 1.9 dB/m. For FBG inscription, the laser beam was focused
into the core of the AlF3 fiber using a 40× objective (Olympus)
with a numerical aperture (NA) of ∼0.65. To avoid aberrations
at the curved air-glass interface, the section of AlF3 fiber over
which inscription took place was immersed in refractive index
matching oil and then covered with a glass coverslip with a
thickness of 100 μm. The fiber was held straight by a threedimensional motorized translation stage (Newport X: XMS100S; Y: XMS100-S; Z: VP-5ZA, XPS-D). Each grating plane was
directly inscribed by moving the fiber in relation to the focus
point of the laser beam over a distance of 40 μm. As shown in
Fig. 2(b), each of the 40 μm wide grating planes is separated by
a distance Λ. A mechanical shutter was used to block the laser
pulse train during the movements represented by the dashed
path.
According to coupled mode theory, λB , is defined as 2neﬀ Λ/m,
where neﬀ is the effective refractive index of the core area, and
m is the grating order. The reflectivity R of a grating with length
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Fig. 3. Microscope images of FBGs inscribed with Ep of (a) 2.25 µJ (top
view), (b) 4.5 µJ (top view) and (c, d) 3.6 µJ, (c: top view; d: side view).
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Fig. 4. Transmission intensity spectra of the FBGs at pulse energies from 2.25
µJ, to 4.05 µJ.

L can be expressed as:
R = tanh2 (κL)

(1)

While κ depends on Δn and λB according to: [18]
κ = πΔn/λB

(2)

In order to estimate the optimal pulse energy (Ep ) to use, a
series of fourth order gratings with L = 9 mm, Λ ∼2.07 μm and
λB ∼1557 nm were written for six different Ep values of ∼2.25
μJ, 2.7 μJ, 3.15 μJ, 3.6 μJ, 4.05 μJ and 4.5 μJ, respectively.
The inscription speed for all the FBGs was 80 μm/s. The total
inscription time of each FBG was approximately 1 h. Fig. 3(a)
and (b) show the microscope images of the FBGs inscribed with
Ep ∼2.25 μJ and 4.5 μJ. The grating plane inscribed with Ep
∼2.25 μJ exhibits a very small Δn, while that at Ep ∼4.5 μJ is
significantly larger. A supercontinuum source (YSL, SC Series)
was butt-coupled into the AlF3 fiber, and an optical spectrum
analyzer (OSA, Yokogawa AQ6370D) with a 500-pm resolution
was used to assess the transmission spectra after the FBGs were
inscribed.
Fig. 3(a) and (b) shows the microscope images of the FBGs
inscribed with an Ep of (a) 2.25 μJ and (b) 4.5 μJ for the top
of view, and Fig. 3(c), (d) shows the top and side microscope
views respectively of the resulting grating when the pulse energy
is 3.6 μJ. From the side view, it is obvious that the grating has
been written through the entire core, which leads to a large mode
overlap factor.
Fig. 4 shows the FBG transmission spectra for Ep ∼ 2.25 μJ,
2.7 μJ, 3.15 μJ, 3.6 μJ, 4.05 μJ and 4.5 μJ. The corresponding
resonance dips were 2.7 dB (R = 46.3%), 5.4 dB (R = 71.2%),
7.6 dB (R = 82.6%), 17 dB (R = 98%), 9.9 dB (R = 89.8%) and
7.5 dB (R = 82.2%). The split peaks at Ep ∼3.15 μJ, 3.6 μJ,
4.05 μJ and 4.5 μJ were attributed to the defocusing of the lens
due to the flow of index-matching oil during writing induced
by heating of the oil at higher Ep values. As the grating planes
deviated from perpendicularity to the core longitudinal direction
along the laser focus point direction, in a few-mode fiber they

Fig. 5. The FBG coupling coefficient and 3-dB bandwidth as a function of the
fs laser pulse energy.

induce cross-coupling, because of asymmetry [19]. The shortwavelength side of the Bragg peak has a side peak for Ep ∼3.15
μJ, 3.6 μJ, while it is minimal for Ep ∼4.05 μJ, possibly because
of more symmetrical structure of the test fiber.
III. OPTICAL CHARACTERIZATION OF ALF3 FBGS
From the FBG transmission spectra shown in Fig. 4, the
reflectivities R and thus the coupling coefficients, were obtained
as 92 m−1 , 137 m−1 , 169 m−1 , 265 m−1 , 201 m−1 and 168
m−1 , respectively, for the six values above, shown in Fig. 5 as
a function of Ep . From Fig. 5, one can see that the coupling
coefficient κ initially rises, reaches a maximum value at 265 m−1
and then falls to 168 m−1 . The increase can be attributed to an
increase in Δn caused by the gradual increase of pulse energy,
while the fall could be a result of damage in the core, possibly due
to the energy exceeding the damage threshold of the AlF3 fiber.
The κ reached its maximum at Ep ∼3.6 μJ. In addition, given the
importance of the 3-dB bandwidth in many FBG applications,
Fig. 5 also shows the variation of the 3 dB bandwidth as a
function of Ep . The change in the 3 dB bandwidth follows
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Fig. 8.

Fig. 6. (a) Transmission spectra of the 3rd, 4th and 5th-order FBGs. (b).
Comparison of transmitted intensity between in fiber with a 3rd-order FBG
inscribed and a bare fiber with no FBG.

Fig. 7. (a) Transmitted intensity spectra of the 2nd and 3rd-order FBGs. (b).
Transmission intensity of fibers with 2nd-order FBGs and no FBGs.

the change in the coupling coefficient, with a maximum 3 dB
bandwidth of 1.1 nm circa an Ep ∼3.6 μJ.
As an Ep value ∼3.6 μJ was found to offer the highest coupling
coefficient and thus grating strength this value of pulse energy
was used to investigate the effect of grating order m on FBGs
inscribed in an AlF3 fiber. With Ep set to ∼3.6 μJ, several FBGs
at λB ∼1557 nm but with different orders were written nm in
the AlF3 fiber. The grating length was L = 10 mm for all the
FBGs and the grating period Λ was ∼1.553 μm, 2.07 μm and
2.587 μm, for m = 3, 4, and 5, respectively. Fig. 6(a) shows
that the biggest resonance dip of 23.2 dB (R = 99.5%) occurs
for m = 3. The resonance dip for m = 4 and 5 was 18.5 dB
(R = 98.6%) and 16.5 dB (R = 97.8%). With an increasing m,
the resonance strength of the FBG gradually decreases. This can
be easily explained by the decreasing number of grating planes
present for a fixed L. The FWHM bandwidths of the 3rd, 4th and
5th-order FBGs were measured as 1.24 nm, 0.95 nm and 0.42
nm respectively. The FBG out-of-band loss was also estimated,
Fig. 6(b) which shows the transmission spectra of two fibers with
a 3rd-order FBG and no FBG structure: for the FBG case, the
short-wavelength side is lower corresponding to a loss of ∼1.1
dB/cm.
Different order FBGs were also written near λB ∼2864 nm at
Ep ∼3.6 μJ. A mid-IR supercontinuum source was assembled
and an OSA (Yokogawa AQ6377) with a 500-pm resolution was
used for the spectral characterization. The length = 10 mm for
all FBGs while the grating period Λ was ∼1.92 μm and 2.88 μm
for m = 2 and m = 3, respectively. Fig. 7(a) shows that the dip
of the 2nd-order FBG was 19.2 dB (R = 98.8%), larger than that
of the 3rd-order of 16.9 dB (R = 98%). The measured FWHM

Schematic diagram for FBGs heat treatment test.

bandwidths are estimated as 2.56 nm and 2.29 nm for m = 2 and
m = 3, respectively. The insertion loss of the 2nd-order FBG
was estimated at the short-wavelength side to be ∼1.1 dB/cm.
The insertion losses of the two fabricated FBGs are still
relatively large but a number of further improvements can be
undertaken to reduce such loss [12], [20]. For example, the
optimization of laser writing conditions can be further refined
by changing the focusing objectives to ones with a different NA
and in addition consideration could be given to using a direct
writing process that is performed multiple times but with a lower
pulse energy each time. Finally, improvements can be made to
the fabrication process for the fiber, such as ensuring a more
uniform refractive index distribution and better core-cladding
concentricity, which in turn can significantly improve the quality
of the inscribed FBGs and thus reduce the insertion loss.
IV. TEMPERATURE CHARACTERISTICS AND HEAT TREATMENT
OF THE ALF3 FBGS
The temperature characteristics of the FBGs was investigated
by recording the mid-IR spectra circa 2865 nm of a 2nd-order
FBG at different temperatures. Fig. 8 shows the experiment setup
used to study the temperature stability. Thermal grease was used
to help maintain the temperature of the AlF3 fiber and the oven
consistent throughout the process.
The temperature was first increased from 30 °C to 150 °C
in steps of 20 °C, and was maintained constant for 20 min at
each temperature, as shown in Fig. 9(a). After 60 mins at 150
°C, with recording every 20 mins, see Fig. 9(b), the grating
temperature was decreased to 30 °C (see Fig. 9(c)). All the
corresponding spectra were recorded with a 200-pm resolution.
As the temperature increased, the resonance dip first increased
to 13.9 dB (70 °C) and then decreased to 10.2 dB (150 °C) from
the initial 12.4 dB (30 °C) (see Fig. 9(d)). A 2.84 nm red shift in
the grating wavelength was observed during this process, which
differs from the blue shift observed in ZBLAN and InF3 fibers
[11], [12]. It is also found that the 3-dB bandwidth decreases
from 1.56 nm at 30 °C to 1 nm at 150 °C. At a fixed temperature
T ∼150 °C, the dip reduced by 0.3 dB, and remained constant at
9.9 dB after 40 min. Then, as the temperature decreased, it was
found that the resonance dips were not restored to their original
values at the corresponding temperature, which demonstrates
that the refractive index change induced by thermal annealing
in the AlF3 fiber is permanent and irreversible. Furthermore, the
center wavelength of the FBG has an excellent linear relationship
with the temperature. The inset in Fig. 9(d) presents a significant
red shift when T increased, and a significant blue shift when T
decreased. During the FBG heat treatment, both λB and Δn are
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for 60 min (inset: Bragg wavelength peak strength vs. time); (c) Transmission
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peak strength when T was changed from 30 °C to 150 °C (inset: experimental
data and linear fit between central wavelength and temperature).
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